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CHAPTER I 



INTRODUCTION 

The advent of magnetic amplifiers into the field of servo 
mechanisms has served to emphasize a major disadvantage of these 
devices, their slow speed of response. At present all magnetic 
amplifiers are current controlled devices, making the response pro- 
blem basically that of changing the current in an inductive-resistive 
signal circuit. Few generalities can be made about the characteristics 
of these devices since individual amplifiers vary widely in types of 
core materials and circuit arrangements. The tyre of load wLll affect 
the operation of any given amplifier. For these reasons specific cir- 
cuit arrangements have been chosen for study. 

Any analytical determination of the characteristics of non-linear 
devices can be at best approximate. Validity of the results will 
depend upon the variation of the actual behavior of material from that 
assumed in the analysis. Progress in the development of saturable 
reactor core materials has brought the actual behavior of these materials 
into close conformity with that assumed in several mathematical analyses 
(3, 6, 7, 9). The assumptions made on the behavior of core material 
will determine the type of analysis to a large extent. Another con- 
sideration in choosing an analytical approach is the form in which the 
results are desired. For example, the response characterisitcs may be 
expressed as response time, that is the time elapsing between the 
application of a step voltage at the input terminals and the attainment 
of a new average level of flux density, or by an expression for the 
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instantaneous value of signal current. Up to the point of introduction 
of the assumed B-H relationships, the types of attack to the problem are 
similar in that voltage equations around the several loops of the circuit 
are written in terms of the resistances, number of turns on individual 
windings and time rat^s of change of flux in these windings. The simpli- 
fied analyses ignore the effects of leakage flux and hysteresis as well 
as the variable forward resistances of rectifiers >vhere employed, 

A group at Carnegie Institute of Technology including D. W. Ver Planck, 
M, Fishman, D. C, Beaumarriage and L. A. Finzi (7, 8, 9) have investigated 
transients in magnetic amplifiers by assuming a hyperbolic sine function 
to represent the B-H characteristics of certain core materials. From the 
relationships 

0 = e = E„ cos u)t 

such that (p ~ sin out + 

or B = Bm Sin (fljt + Bo 

and H ~ Usinhu-B + vB 

This group has developed an expression for the time required to change 
the direct component of flux density from an initial value Boo to 
another value Bot "the form 

f ^ a- CZ Bo* 

^ ^ cosb Bot - n sihW Bot 

for the series connected amplifier with external feedback where 
A = cross section area of core 
U,u,are constants referring to the B-H characteristics 
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^ - len^h of ma''^etic circuit 

l\|v = number of control turns and bias turns on separate nvindings 
Nf = number of feedback turns 
N^ = number of turns on main winding 
Tvoo= final steady state value of control or bias current 
m,n = coefficients obtained from the expansion of the B-H relation- 
ship in modified Bessel functions. 

It is indicated that a similar analysis can be made on the parallel 
reactor circuit. While this type of analysis will predict the time in- 
volved in a change of output level, it does not point to the influence of 
the various circuit constants on the instantaneous value of signal current 
other than to show the increase in response time as ^ is increased. 

To demonstrate the direct influence of the ratios a different attack 
on the problem may be justified, even though the assumptions on the 
magnetic behavior of the material are not as realistic as those made above. 

If the B-K curv?-e is assumed to consist of two straight line portions 
intersecting at the knee, or saturation ’’point", the inductance parameters 
are then treated as linear over two separate regions and the instantaneous 
current expressions may be derived fj’" the circuit conditions existing 
for any combination of current direction and state of core. This type of 
analysis has been well illustrated by Lamm (7) and Krabbe (6). Its basic 
disadvantages are its failure to describe operation over the curved portion 
of the B-H characteristic and the difficulty in fitting boundary values 
at the region limits. However, if the current disturbances caused by the 
assumed sudden change in value of parameters do not materially alter the 
currents in respect to those #iich would exist for a slover change in 
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paraitieter as described by more accurate B-H approximations, the response 
characteristics should be in reasonably close agreement. 

A simplified analysis described by Reyner (5) of the series connect! ( 
is based on an equality between signal ampere turns and load ampere turns 
and on the rate of change of net average flux over a complete cycle with 
respect to the change of load current. The source of this analysis is 
the work of Atkinson and Gale (l). The circuit described is the series 
arrangement shown in Figure 1, employing the following values: 

R,= O , = O , R^= Rj ^ Nl,= Na , N^= , Nj= Nj 

£3 = £ d = £4 max sin uvi 

Basic assvimptions are a rectangular B-H characteristic in which the in- 
cremental permeability is infinite up to the saturation level, then zero 
thereafter, and the equivalence 



Id Nd - la NaCi- 

where oC is the feedback ratio — 

I<v No. 

Letting (p represent the mean value of fltix, the voltage equation re- 
presenting conditions in the signal circuit over a considerable number 
of cycles becomes 

Rdlj + ^ 



or, employing the equivalence of signal and load ampere -turns corrected 
for feedback. 



p Na.O-o<.^RdT , Nld d f ^ \eiIo. 

During the "off” portion of the cycle, when both cores are in the un- 



saturated condition 



Figure 1 

Series Connection 
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d Cf)/^ _ (j (^B _ IQ Ea max SI n 

dt "dt “ ZNol 



for a core A saturated: 



d^ = O 
dt 



, and for core B saturated: 



d^ = O 
dt 



so that over one complete cycle 
+ 0a= 20sat., or 0/^“0 b = ^ (" 0sat ~ 0 b) 



0 B = J 0 B 



From the flux waveform resulting from the basic assumptions, it 
is found that -= z<P emax. 

If is the value of out at the instant of saturation of core B, 

8 r 

0BKy,ax = /O tarr,ax. _ C 

2NaOU J 



10^ Eg, KH3X. 

“ 2 No. OBJ 



C I - Cos ^ ) and since 0sat. 



is independent of time and firing angle 

d — d 0& _ _ d Cl)Bn tax _ _ /O^ E.g.ty\ax ^ 

^ ^ - d(^ - dy; - 2 N. 

r^- 

the average value of output current, = Zf) L^dcut 

•'o 

or = 2f \ du)t because the output 

dU Kjl 

current is zero during the portion of the cycle (o - in which the 
permeability is infinite. 
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then 



die 
d ^ 



and 



2f Egmax sin (jJ 
uo Ra. 



may JQ^SinV^ RflL 

dl^ “ dia, 2 Na ozJ ZfEa^3^sin7^ 



Rg lO^ 

4f Ng 

Restilting in the folloyring equation for Ej ; 





Ed- 


NgO-oc)Rd J Ro.Nd dig 




Nd -*-«■ Ng dt 


yielding 


Ia = 


Ed Nd El ^ 


RdNgO-oc) L' ^ J 


where 


T == 


Rg Nd 


RdNiCi-oc)iff 


the power gain. 




^ Ig Rg , - . . 

Ct — -r » o from the equivalence 

J-d Kd 


expression. 




p Kid Rg 

(l-cfNlR, 


so that 




T = G Ci-°^)/4f 



This time constant pointedly demonstrates the dependency of the normal 
response characteristics on amplifier gain. The presence of frequency 
in the denominator indicates that the time constant expressed in cycles of 
driving voltage is uniquely determined by the gain. It can be seen in 
review that the frequency is introduced by the fact that the flux 
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developed in either core dtiring the "off” portions of a cycle depends 
inversely on the frequency and that the rate of change of net average 
flux with change in firing angle (\P) retains this dependency, whereas the 
rate of change of average output current with respect to firing angle is 
independent of frequency. 

The assignment of a precise time constant to any transient occurring 
over a given cycle in saturable cored circTiits is somewhat misleading 
since the length of time during the cycle in which a core is saturated 
varies as the signal current is varied. Time constants may, however, be 
assigned to transient currents in certain zones of circuit behavior as 
defined by the degree of saturation of the cores and the action of the 
rectifier bridge, Krabbe (6) Chapter II. These time constants will serve 
to indicate the rate of change of the direct component of signal current 
in these zones. In the absence of any asstimed or proved relationship 
between signal ampere turns and load ampere turns it may not remain clear 
that the output level, or average value of load current, depends on the 
value of the direct component of signal current. This fact is, however, 
the principle on which is based the use of d.c. controlled reactors in 
amplifiers. A determination of the instantaneous values of signal current 
and its direct component is a difficult matter when using any method. 

It is perhaps made more difficult by the assumption of a two-region 
straight line B-H characteristic, but it is felt that this approach makes 
the inflTience of the turns and resistances of the separate windings on 
the rates of change of signal current more apparent than other HKthods 
which may give more satisfactory quantitative results. 
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Summary 



To demonstrate the influence of certain factors on the rate of change 
of the direct component of signal current, hence, on the output level of 
external feedback magnetic amplifiers, a simplified analysis of two common 
circuit arrangements, namely, the parallel connection and the series 
connection, is made. The analysis is based on the assumption of a B-H 
characteristic for the material in vdaich 

is constant until the knee is reached, after which 

d H 

is zero. 
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CHAPTIH II 



ANALYSIS 



1. Assiimptions 

The theoretical B-H curve asstimed for core material is shown in 
Figure 2. 

Two separate cores are used in both the parallel and series arrange- 
ments in Figures 3 and 5* Cores are labelled A and B. Each core has 
N]^ turns in the load winding, N 2 turns in the feedback winding and 
turns in the signal winding. The cores and windings are symmetrical. 

There is no leakage. 

ftysteresis effects are negligible. 

The rectifiers present no resistance to current in the forward 
direction and infinite resistance to reverse currents. Note in this res- 
pect that rectifier resistance to forward current could be included in 
the resistance of the branch following the rectifier. However, since 
this forward resistance is variable, it will be ignored. 

The load is a pure resistance. 

2. Parallel connection 

A schematic diagram of the parallel connected, external feedback, 
magnetic amplifier is shown in Figure 2. The current i^ is that flowing 
in the load winding N^, on coil A, whereas iB is that flowing in the load 
winding N-j^ on coil B. The term Rt is the sum of R]^, R 2 and Rl« '5'i’hen both 
i^ and is are positive, the voltage equations are: 
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Figure 2 




Figure 3 

Parallel Connection 
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Figure 5 

Series Connection 
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The terms rrritten 

10® dt 



K Na 



I 



d 0^ d iv 

d Lv d "t 



and 



KN„y 

/ d Lv 



d tv 

dt 



where ^ “ Nv I^a and d_^e 

d Lv I d Lv 



Nv 



5- 1 ^ area o-f~ core cross section 
10® magnet/c length core 



From figure 1: ^rt=^B=yu before saturation of either core, 

|j^= o j Jj(e~ after saturation of coreA 

) jU/» = ju after saturation of coreB. 

The time region in which Ij^ and Ig are both positive during a given 
cycle may be divided into three zones: 

Zone I: =^g=:yui , currents increasing 

Zone II: yufl = O , ^ e = yn 

Zone III: n = yoB=|A , currents decreasing 

The subscripts » ^ ^ will be applied to currents and voltages 

Existing immediately before the corresponding 7 ,one boundary is crossed. 

It may be seen that the voltage equations for Zone I and Zone III are 
identical except that ^ e^.,, and ^ Lv"i (except by chance). For 
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a step input in signal voltage e^i = e-^‘« 

Manipulation of the equations will be simplified by the use of 
Laplace transforms, employing the notation 

5C[fa^]= f 

and adopting the identity ^ where S is the Laplace operator. 

The transformed voltage equations are 

e, + Vfl = rN,+ ^ -^5 Nj.^^N,-N 2^+ Rz+Rulcg 

+ C^flN^rN.+ NaU^BNzNsir^ 

e.+ Ve = [(J/jNzrN. + Nz^ Rz+Rjr„ + r^«Nz+^6(V»,-Wz>VRT]lB 

-f- A ^2 ^'*3 ~ *^*3 63 

Cj + y? = C^flN3CN| + " |jbN3("n,-Ni^] ig 

+ [ Ns + Jb Nj + K3] ^ 

where 

Va = -^ (N,+ Nz'^ 4- <^b Nz 3 i-A* ■*■■§■ ^2 (n, + NzV^bNzCn, -M ill i,a' 

Yb = -^[<J,N,(N.-HN,')-cjeNjN.-N2)]L^<+ ^ [<Ja nJ 3-^ ^ (n,-N,Y] Ig. 

+ 4"C‘|4 NzN 3 -c^bN 3 Cn,-N^’)]l 3. 

+ C<Ja N3 + <Jb N3 ] C3' 



16 



for Zone I and similarly for Zones II and III with appropriate subscript 
notation for initial currents. 

The transform expressions for all ciorrents in Zones I, II and III 
have been developed (Appendix I). 

When both ±p^ and ig are negative, the current equations are similar 
in form to those given here except that ig will behave as ij^ in the both 
positive' zones and ±j^ will behave as ig in these zones. The behavior 
of signal current, i^, will be unchanged. In the intermediate, or commuta- 
tion, zone one of the primary currents becomes negative while the other is 
still positive and a new set of voltage equations is required. These will 
be developed later for Zone IV. At the beginning of commutation after 
the both positive zones. Lb’'' will be zero. At the beginning of Zone I 
for the both positive condition I a' will have some positive value other 
than zero, whereas Ib' will be zero. 

As noted in the introduction, the output level of the amplifier 
mil change as the direct component of signal current changes such that 
the response characteristics of the amplifier may be determined by the 
time variation of the direct component of signal current in response to 
the voltage impressed on the signal winding terminals. For example, if, 
in response to a step input in signal voltage, the direct component of 
signal current reaches 90% of its final value in t seconds, the average 
value of load current will be at or above 90% of its final value less than 
one-half cycle of load current later (that is, over the next and success- 
ive ’‘on” periods). 



Letting 


Rt = 


R 1 + R 2. K, 


and 


R p = 


Rt + ^ R 



in Zones I and III: 
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f 1 ) 




i nf zn.^nI \ , 

i^RjRp RpR}/ u\ 


{ 2 4N^ 2 N, > 


Ui ) 





^ R,Rp ^ R,(h-^^) ^ 



_u/ ^3 



(i^^j 



lNjCn.-p^nO - 



if' CL Nj^^n.-znJ 



_UY 

s V Rp 



if R^ is approximately equal to Rj+Rl, that is if R, is much smaller than 
Rt , then I + is approximately 2 

and, letting 




the direct component of I 3 may be written 

■|; %'■>■(•- 1 0 + t,. [a-.g; f+ 

where 1 3* is now the value of the direct component of I, existing at 
the end of the zone preceding. The denominator has the form 

s[t, t, + ('t, + + /] 
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inwhich and T2 are alivays real. This expression is valid for a step 
input (E3) in signal voltage occurring at or before the initial zone 
boundary. The resulting transient will consist of two components of the 
L-R form having time constants and I^Tg which may be obtained by 

use of the quadratic formula: 






- + 


+ \| 


1 


+ ® 


OC-- ^ , 


/6oc‘^ 


0 CLj+fl-S 




CX.I 


ao 


(a,+-a^') 


(a, + a^y 


II 


For the 


case 




) 


T, = a 






Tz 


= a, -h 




after saturation 


of 


core A 
1 




1 


1 


N? 






2Ni('n,-Nz') 


-Nl\ + 1 


'■ R,(l + 


R^ + 
R- 


r) 






R J + 1 J 



- - N3(:A/.-2N.') - f n 2Nz(N.-^V, iV 



-Lv'i^NjNs - 



For a step input, E^, the denominator of the direct component takes the form 






if R]_ is much smaller than R,. 



( — 
\ 2R, 



2 Nz(N.-N;,) 
R p 



R5 ) 



which is equal to one-half the value of Ti f ?2 for Zone I, minus the terra 

2N, Nx 
Rp 
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Ths time constant of the resulting transient is 
The D. C. component of 1 3 in Zone II is 

— 'J + ‘-3" 

where 



[(b,~ + }] 4. b, 

s[Cb,-b2 + -f- ij 



u _ U _ ZNz(N.-'N0 L _ N3 

- 2 R, > ^ -r; 

and L5” is the direct component of at the end of Zone I. 

The voltage equations given above are adequate only to the terminal 
boiandary of Zona III. This boundary is determined by the time at inhich 
one of the components of load current changes sign, (Figure it). For 
the case above considered, in ifliiich both components were initially positive, 
ig tends to go negative first. The voltage equations for the commutation 
zone may be set up by reversing the sense of ig in the feedback loop 
inboard of the rectifier bridge. Thus for Zone IV: 

e,.v + V4 = ZN.N^+ZnH-I- R-r]i-A + C2*:jjNiCNi-N.)-R2+.R^]Lg 

-h [cjjNs Cn. + zn,)]!^ 



e,..-t-Ve = [2cj) + + -p [cjj(^fJ.VzNn+R.-Rz+Rjre 



e^.v + Vj = [cj^NjCN.+ ZNO] L« - [i|^N3 (n, + 2NJ1 tB 

+ Nj +• R3I Lj 

since the crossing of the initial and terminal boundaries of the commutat- 
ing zone involves a rearrangement of the circixit rather than a change in 
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the parameters; the initial conditions, YA^VeandYs , become more compli- 
cated than those heretofore considered. Since the object of this analysis 
is a description of the form of the direct component of signal current 
rather than a means to evaluate this component point by point, it will 
be necessary to determine boundary conditions only where a discontinuity 
in the d. c, component of the signal exists, namely at the initial and 
terminal boundaries of Zone II, in order to determine the form. Thus, 
at the boundaries of Zone IV, with linear parameters obtaining throughout 
the zone, and with the smooth switching effect inherent in the assvimptions 
on the rectifiers, the direct component of signal current may be seen to 
be continuous. For simplicity the coefficients of the numerator of I3 
Tfill be indicated rather than determined, with the order of the numerator 
preserved, noting that IjOn both sides of the initial boundary equals l3«v . 

Letting Rp'= R, + 2 Rl. and 






N.^+4Nz 









R. 

G- ^ + I 






^ s ([d, (‘Jz+cis + dj) + 1 3 

The denominator has the form 

5 Ct, Cr, + ^ + I ] 

in Tdiich T]^ w d^ and T2 = d2 + d^. 

The resulting transient has two components with time constants K|ld^ 
and I^(d2 + d^) respectively. 
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i 



I I 



The argument for continuity of i^ within this zone holds only if 
the step input is applied at an instant of time external to this zone. 
If, with the circuit in steady state, a step is applied within Zone IV, 
the direct component transform is 



The equations for 1 3 may be readily obtained for a step input E3 
occurring within the other zone boundaries. To determine the behavior 
of the direct component of signal current at the botmdaries, it will 
be expedient to limit the expressions for 1 3 to include only such terms 
as affect the direct component, namely the terns in e, and , i.3", 
etc., defining v.^>, Ij-'etc. as the value of the direct component reached 
at the preceding boundary. Assming the currents to be initially in the 
steady state such that I3' is constant and applying the step as the 
initial boundary of Zone I is crossed, the progress of i^ across the suc- 
ceeding intervals may be traced. 

In Zone I, the term 






S Tda -t- dj) + • ] 




•vriien the step input is applied. 







transforms to zero in the time equation since i.3' has been assximed constant. 



thus 
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there will be a jvunp in i^ to the value at the instant 
is applied. At the boundary of Zone H, i^ has reached the value 
and 



[(b,-b,)^-Ki] -hL3'»b3<^ 

S f ( b, - bz + bj) + I ] 



(b,- 

b, - bi + 83 

Again, as the boundary of Zone III is crossed, i^ j\anps to the value 

d, + 1 3- gg 
a, + 0-3 

By subtracting from the values acquired on crossing the boundaries, those 
which existed on reaching the boundaries, the magnitudes and directions 
of the jumps in the direct component of signal current at the limits of 
Zone II may be found: 

Initial boundary Terminal boundary 

(If -1;'-) 0 ., 



Magnitude of jump: 



b, - bx + bj 



Direction: up (if E 3 is positive ) up 

The change in the direct component of signal cxxrrent may be described 
as a curve with discontinuities at the boundaries of Zone II and with 
varying slopes dependent upon the effective time constants in the separate 
zones. The pronounced jump occurring in the signal current when the step 
change in control voltage is applied has been noted and recorded on 
oscillograms by Beaumarriage et al. (3). 
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3. Series connection 

A schematic diagram of the series connected, external feedback, 
magnetic amplifier is given in Figure 5. Since i^^^ and ig are the same 
for this connection, only two voltage equations are required for Zones 
I, II, and III. These are developed in the same manner as for the parallel 
connection. 



e, + Y, = C ‘Ija + cja Rt 3 i-i 

+ L N3 Cm. + Nj N3CNrNz>]l3 



R-i- = R, ■♦■Rz + Rl R,is now the sum of the internal resistances 
of the main A and B windings. 

In Zones I and III, 
and 



63 + Vs = r^AM3('N,+ N,'|-^|^8N3('N-N0]r, 




where 



V3= !1<|),»I5(N.*N^'>-C^8»‘304,-NO]^' + [<t,Nj +<j,N3] -I’' 



{ 




2N,^ 2 Nz , 2JN 

Rt Rt r 





ZNftZN 

Rt 




e,« ZNzNs 

Rg Rt 





2U 



if we a, = , 0-2- and «a-3 = 

Kt ''t 

the direct component of L3 becomes, for a step input E3 , 
+ Co., + 0-1 + ^3^*^ 



2 _n| 

R5 



The denominator has the form 

sCT, T, <j,% (T.*T^)<^ + 1] 



in which Ti and T2 are again real and may be fo\and by the quadratic 
formula. 



In Zone II, 

I 



Ml) 



+ 1 



I ('’•r 



^ N3 Cn,-n^) 

R3 Rt 0 



1^- N 3 (N.-Na) a -h L^-. 63 

S Rt ” 

• u- U U ("N,-Ni^ j U - N3 

xn which b = — *-r — and bj = - - 

Rt R 3 

For a step input E^, the direct component of signal current becomes 
(b, + 1) 4- 13.. 

S[(b, + b3)^ +1] 

As the commutation zone is entered, all the elements in the rectifier 
bridge become active and all the current in the feedback loop no longer 
goes through the load. To describe conditions in this zone, it will be 
necessary to adjust the voltage equations to account for that portion of 
the feedback current which does not flow through the load, but appears as 
a circulating component in the feedback loop. At the rectifier terminals, 
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±1 flows in from the main windings 
if + ^2 in the feedback windings 

flows from bridge to load resistor 

Noting that ig flows across the rectifier bridge between the feedback 
terminals, the voltage equations may be simplified by observing that the 
drop through the feedback windings is zero in this zone. The adjusted 
voltage equations are: 

t y. = + R, + rJ] i., +[<|^^N,N2-c|j6W,Njra 

+ C<|y«N,N3-c|^8N,N3]l5 



+ ^3 Nj N 5 ] i 3 



Vs = ~ *^6 

Throughout the zone ^/, = = Cj^ 

e, + y. = 

O-t Vz = + rJI, -h 

e3-t'y3 = C^ cj) NzNi ] i-, +■ 



Nb^N.-kOIL, -t ^2 

+ r<j|/»N 5 + cjjB ^3 -t R3] is 
and these equations reduce to: 
4-0 +0 

+ 4- CZcj^NzNslIj 

Qz Nz Nj] i 4 - C2 tjj ^ 3^4 R3] U 



Realizing that the direct component of signal current will be con- 
tinuous across the commutation zone, including the terminal instant of 
Zone III and the initial instant of the succeeding Zone I, as was discussed 
for the parallel connection, the form of the transient response in this 
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This jump is upward, the amount 




bi + bj 

At the terminal boundary of Zone II, i^ reaches the valuei^i/j « 
On crossing this boundary. 



g, 0-3 
^1*3-3 



that is, i^ is continuous across the boundary. Within Zone II, the transient 
direct current level has but one component vri th time constant K^Cb, 

On entering Zone III it resumes the two-component form which it had in 
Zone I. Then, in the commutating zone, the two components are modified, 
assuming the time constants 



ZKpNf 

R.+ Rc 



3 ac/ 




-f 



2N3 a 

«3 ) 
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CHAPTER III 



CONCLUSIONS 

The futility of assigning a time constant to the transient change in 
the direct component of signal current occurring within a cycle of driving 
voltage has been demonstrated. Nevertheless, some conclusions may be 
drawn from the sectional characteristics developed in Chapter II. 

The fact that larger time constants apply to the transients developed 
within the separate zones in the parallel connection than those in the 
series connection indicates that, with identical elements, the series 
connection should give more rapid response. However, the variations 
in direct signal current level due to the discontinuities encountered in 
the parallel arrangement on application of a step change in signal and on 
crossing the boundaries of zone II may be much greater than the sum of 
the changes occurring by continuous increase across the separate zones. 
This effect will rapidly diminish as the signal current approaches its 
ultimate d.c. level. The initial portion of transient response in the 
parallel circuit may thus be more rapid than that of the series circuit. 

When the transient consists of two components of opposite sign, the 
component having the greater time constant has the larger magnitude, but 
the effect of the smaller component is a depre.-sion of the transient 
current at the beginning of the response, such that the resultant response 
is slower than that characterized by the larger time constant. This may 
be shown by considering the transform 

“ _ I C Bs^- 1 ) 

~ sllTjjS»+(r,+T^)s + t] 
yielding the time function 

• -.r. f Vt.-B 6" -j 

r^-T, J 
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in which 



j>0 

and )>0 

and Tz > T, 

The conponent having time constant Tg will be greater than that having 
time constant vdienever 

-T.'lO - > O 

This condition is fulfilled wherever this form of transient is encountered 
in the parallel or series connection, as long as a transient exists. 

It should be noted that any improvement in response characteristics 
achieved by variation of the ratios of the various windings will 
normally be accompanied by a decrease in power gain. The niomber of turns 
employed in the feedback winding may have only a minor effect on the 
response characteristics, but this nvimber if limited by its effect on 
the stability of the ampjifier. Excessive feedback produces a condition 
in Tidiich nearly full output is received at no signal and very low gain is 
obtained. 

The difficulties which would be encountered in an extension of this 
method to a quantitative analysis are readily apparent. For this reason 
the results appear to be almost incapable of numerical verification. 
Experimental determination of the direct component of signal current is 
severely hampered by the relative magnitude of the alternating component 
of signal current with respect to the change in the direct component. 
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APPENDIX 



1. Parallel connection. 

^i+y^ Rt]I„ + + + ^0 

+ C^/)N3(f(^, + N2')-^-^0 Nz Nj] <-i 

e, + Ye = [ijftNzrN.+ fJz^ + Rz+RulTy, + C|4Nz^+j8<^f^<"«z)V RtJlq 

+rj4NzN3+jeN3^''^z-N,)jr3 

e^i- f|fl H3(N. + «2) + jeN2N3]tfl + f|fl/V2W3-^ ^eWaf'Nz-NjJi-B 

+ r*^<1 Hz -I - R 3 I Z 3 



wlier'C* Rt~R|+Rz'^^u dy\<i 

V^’^YbiYh Bre terrns ! t\ initial Conditions 



Tn zones J. and Iff 






and Sin or (■••d„^ 



2, f Ya = (^V|^+2N, Na +2 Nz ) + Rrl + Rz+ Rtl te 

+ [^Ns <"aI,+ 2Nz)I ^3 

e, + Yft = R^+Ri.] Ifl +C^/'Mi^-ZN,Nz + 2N2^)+RT]r6 

- [| N 3 (M ,-2 Na)] Ta 

^3+V3 = [^j N3 (Ni + ZMa")! Lfl - [j N3('M.-2N2')3l6 

t [ 2 JNI + R 3 I 
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1, Parallel connection. 

Initial Conditions not Spccitjca/ly determined ton zone X . 

For zone HI : 

^ rKi;^ + 2N,N^ + 2N|) ‘•^"/s +Z<jNi‘-By5 t-c^M3('N, + 2Nz)^3'Vs 
Vb= ‘"'■"/s -t- <j 2N,Ni +2 J Ns CM.-ZNz) ‘■3'% 

Y3= jN5('N, + 2N2^‘"'''/s -|N3('N,-2 N^^‘^b"'/5 +2^N|<-3'Vs 

■[ _ - e, + e~3 -Kfr (n ■'•-<• ^q^H^Rp t- R.Rp] 

■*'2N3^R,')]+ ^[('N,^+4Mj)R,R, + N,'^ft3R<> + ZNj R,Rp> R.RjRp 
^ Lfl"' {] ~ N|^ Rt 4- N, Ns Rx tNiNsRu*)! 

S 1 £Ni^('N?-R3+ 2 n| + ^CrNi^t‘fNi)f?3R, +N,‘(?3Rp + 2M|R,(?p'] + R|R3Rp^ 

^ - i.B"‘ RiRp 1 + Lb'" C2y,N^ Na R, -h2(^N|R|Rpl 

C> |<j^^[N.HN.^R3-hZN5 R,^] +^[CNrt^N2)R3R,+N.^R3Rpt2N|R,Rpl+R.f?5Rp] 
Where Rp = R|'h2Rz+ZRu 

Xt ^ j s , direct Component trahS-fornn iS 



- f 

La — ^3 L 


• , N.** ^ zu'!- 

‘6 R.Rp"^ 0 R,(n-^ 






r^2N^y 


si 


[<- 


1 1 

+ 


■"i! 




. 4Nl 

Rp 


•«*i] 


i 
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APPENDIX 



1. Parallel connection. 

e, at in'itla/ boundary of zone jj /$ £, s in ■«' 6 „ ) So that 

S, for zone JX ^ fo*" other zones. 

For zone ]I ; 

+ Rt 3 t /1 + Mz ( Ni~ N,'^+ r^+RlI ig C| N 3 ] (. 3 

e, + Vs = [|AJzrNz-W.) + R,+ R,lu 

€3 -hV3= [^A/i/^33^4 + C^^3^Nz-M.)] Tb + C‘j'^3^+ R3DT3 

Va = I Hz f" ^ Ml ^'Mi-N,') tg"/s + ^ Ni N 3 ^ 3 "/s 

Vb ^ ^ Ni{^Hi-N.^^'’Vs f ^B"/g N3(^N^-N,)^3 «/s 

Vs = ^ MxN3 ^^"/s N3 J 

]; _ e, Z^NjCN.-Ni^R, +R. Rp] 

^N.^RjRt - 2 j Ni^'N,-N 2 )R,R 3 + (jNj R, -nR.RjRp 

^ ^11 ^xN3R,Rp 3 - ta"' U*^3^N,-Kl2^R,Rp] ^ U^C^MgR.Rp ] 

S ^ -2Ni(^H,-M2)R,R3 + N 3 R.Rp^ + R, Rj Rp I 

If Cj= Ej j the direof coml^oncnt’ transform is 



1;’ 


r m 3 . ZMzfNrNz') , 1 

U R.O* ®*Sf‘) ? Rf J 


1 ^ 


U-| 


cC 


sj 




r n 3 ZN^fN , -no 

LK,(„i^} R. 


1 1 


1 ^ ' ] 
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1. Parallel connection. 

Ir\ cornrviutation Zone, ~ ~ ^ Sense of t's is 

rC'^erS ej in -feed bac K loo fs , 

e, + ^A = [jCN.SZN.Ni + ZNiHRTl + [2^ Nzl'Hz-M.) - Rj +Ru]r0 

+ [<^R3CN, + 2N2')]r3 

e, + Vb = ["Z-i N^ -t-Rz+RL]t./» +• 2Ni)+R,-R2^-f-RLltB 

- [jNjrN.-ZNO] is 

^3 + V 3 = in -fj Nj^Ni + ZN'^)] + [ 2 ^ nJ + R 3 I C -3 



IntTiAL conditions Not SPeoiFieo For zone u 



rYB-y.]tN3[w,-^aNQ[^CN,%i»i;) *R,*znJi 

CN,^ + 2N,NilCN,%‘#Ni*]R3 + [;2 N|]Cm,*+4N^] R, + 

<J Q(N,^ + ‘<n 1')R,R3 -I- CN® t2N,N,)RJ^R,^.2RL')+ 2 n| R/r,+ 2Rl')] + 

Ri R 3 CRi+ 2 Rl^ 

^ ^[(M,V4Nz^)R,-h(Nf+ZN.NayR,t2R,)^tR,rR,^2R,^] 

S3rne t/enonn 1 nator 

Form of direct comjponent tranS’form: 



^3 = 



FS^ 



+ (^S 



. (z r /^N^^N2VN^2N.N^) 1 . . [5*^! 

Ri('R| + 2Ru') R3('R,+2 Rl'^J K*^' 



•+4Nx . 



NiSiW.N. 2N 

R, R, 



'l-'i 
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2. Series connection. 

For Zones I , H and JH 

e, -t- y. = (N,+ + (N,-N2 ^^+ RtI t, + C|/) N3rN,+ Nj)-^g N3 ('N.-NzJ L3 

ej + Vj = Ccjfl Ns^'N.t Nz')-^b N3('n,-N 2^1 6 , + +R3l^3 



For- zone J ^ e*! = F, si« (ta/t t 3 ,) j initial ConditfomS hot Spec'iFi'eJ. 

+ Qs,+V,'][7<^NzH3li 



(-3 = 



l-^N( ^2 )R3 Rt 3 + Rz T 

X-f 65= ^3/g ^ the direct canii^ortent t rSnsforryi becomes 

[|? ^ I] - 



U = 



s h Lrt R 3 J + rJ + m 

ith terms in Y, and /a doe to alternating Currents 5upp'’<^SSed. 



zone in , Vs = 


2 ^ M2N3 i,' 


■■/s + 


2^ n| C3'«/s 




y, = 


Nl 


H|*/s 


+ 2 ^ Nz N3 ^3 


'/4 


direct conri |pc 


) nent tra n 


sForm 


i s 








+ tjfn 


rx/2Nf 2N3 
Lli ( Rt R3 








' 2 NN 2 Nx .,_ ZHs j 


h! 
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2. Series connection. 

I*n zone H ^ = o ' ^ ^3 = £3 

e, + ^ = [ jrN,-Nz^^+ Rt3 L| - ^3 

e 3 + Va = - C| N 3 Cn.-Nz')] L^ + [*^^3+ R 3 I! I 3 

y, = {n,-Nz)^ l,i</s - (j^Hz,(H,-U2)ii''/s 

Vs = f^z('»<|-M2)L,../s + ^^3 t3"/s 

I 3 ^ [^3 + y^3][^(>^'-'^^f+Rr] -f [e,4-y;'][^A/3(^N,->j^)'] 

^ R3 + RtJ + R3 Rt 

3hd the (direct Cot^|jonent t r<3 n S '4*or »vi /s 



ki 


5“ 


i 


1 + ^ 3 " 


[? €] 


5 J 


[«i 






I. 1 1 
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Commutation is reached v/hen the voltage drop through 
the feedback loop becomes zero. Thus, in zone IV, 
the feedback current is no longer equal to i , , 
but may differ from i, , and will be called i^in the 
voltage equations for this zone. ^ 

e, + V, = [|jA N, N/n,- N i') + R, + Re] T, + Cjfl e N. Mai Al, N3 - J B N, N J r, 

Vz = C^;,N2:rN.+ N2V^eNz<''^rNr)fRjr, t E|rtN|+jeNa+RalI^+E|«N2N3 + ^BiN*N3]r3 

e3 + /a = N 3 + M i) - ^ B N 3 Nz)] r, + 0^;, N3 + J 8 Na K J r,. +- E<J A n1 3 N3’-+ RJ 4 

Initial Contritions not S |3eci -f I'ecJ . 
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2. Series connection. 

[g.-^ys][2i;NUR,] - Y,[2^N.N,] 
C 2 Ni R3 + Z N3 R^l -H f?z R5 



It e3 = E3 



[1;: ^ '] 


ty=> 

to 

V^la: 

1 


ZN2N5-1 

Rz J 


S ^ 


[irt - ’-If; 


1 ^ 1 1 





39 




Parallel connection. Response to i.noot ^ Too; sigj^r:± curr^^nt, 

tottoci: load current (scfcl^s difr^^r) , .-.vc'^age valuv of ijr sho'. n -•y ye^lov^ line. 




;eries connection. Response to steo imut . Top: sign;.l current, 

,ot"om; locd. current (scales differ). Avera.e value of ig ^ho-n by yellow line 
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